ABSTRACT A 3-D-printed dielectric lens is proposed in this paper to widen the 3-dB axial-ratio beamwidth (ARBW) of conventional circularly polarized (CP) patch antenna. The proposed lens is constructed by a solid dielectric cylinder with a cone-shaped air cavity. To illustrate the working principle, the geometric optics method is introduced, then refractions of the CP wave caused by the lens are theoretically analyzed and the related equations of axial ratio (AR) are derived. Besides, the key parameters that affect the ARBW of the CP antenna are adequately investigated, and the general rules are summarized to design it conveniently. To provide two orthogonal modes at center frequency, a dual-feed network is used to drive the patch antenna. To demonstrate, prototypes with and without lens are designed, fabricated, and measured. The experimental results show a good agreement with the simulated ones in terms of returned loss, radiation pattern, gain, and AR. The measured 15-dB impedance bandwidth is 20.4%, the 3-dB AR bandwidth is 17.5%, and the peak gain at main radiated direction is 5.5 dBic. Furthermore, the compared results in measurements show that by using the proposed lens, the 3-dB ARBW of CP antenna can be extended effectively from 82 • to 162 • , which is highly demanded in global navigation satellite system for reducing multipath interference. Finally, the applicability of the proposed lens is discussed including the available frequency bandwidth, the size of ground plane, and the feasibility for other types of CP patch antennas.
I. INTRODUCTION
Circularly polarized (CP) antennas play a vital role in the application of various wireless communication systems, such as global navigation satellite system (GNSS), radio frequency identification (RFID) and the global positioning system (GPS) due to their capability to suppress polarization mismatch and multipath interference. In order to provide wide angular coverage, it is critical for a CP antenna to have a wide 3-dB axial ratio beamwidth (ARBW). For example, in the GPS systems, CP antennas with 3-dB ARBW of larger
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Recently, many distinctive techniques have been presented to broaden the ARBW of CP antennas. First is the utilization of 3-D ground structures, such as pyramidal ground planes [1] , cavity-backed reflectors [2] , multi-layer stacked configuration [3] and metallic shell [4] . By manipulating the diffraction effect of electromagnetic wave from the finite 3-D ground, the ARBW can be altered. However, this approach suffers from complexity in geometric structure. The second approach is to compensate vertical current components at low elevation, such as horizontal dipoles and vertically attached top-hat elements [5] , parallel dipoles [6] , [7] , parasitic elements [8] - [11] and crossed-dipole antennas [12] , [13] . High purity of circular polarization and better 3-dB ARBW performance are gained by this method. Unfortunately, these antennas introduce unwanted bidirectional radiation patterns. The third method is to eliminate the surface wave by loading shorting pins underneath the patch [14] - [16] . By using this technique, the electrical size of the patch can be adjusted suitably with different requirements and the 3-dB ARBW can be widened to a certain extent. Similar to this principle, by employing a suspended structure with reduced effective permittivity [17] , the same theoretically predicted result is implemented on exceptional dielectric layer. Nevertheless, the radiation performances of the aforementioned structures [14] - [17] are sensitive to the error in installation of the position of pins or the suspended height. As studied in [18] - [22] , four unequal perturbation elements are introduced in the main microstrip radiator's corners, which contribute to wide angular radiation for CP antennas. However, the improvement of 3-dB ARBW is not obvious.
Apart from the aforementioned techniques, dielectric lens and radome [23] - [26] are also used to broaden the ARBW, which have the advantages of low cost, easy fabrication and low loss. In [23] , a concave shaped dielectric cylinder is proposed for beam forming of the patch antenna, wide 3-dB ARBW is also obtained. In [26] , a 3-dB ARBW of greater than 180 • is realized by placing a non-resonant polarization selective surface (PSS) above the antenna. The proposed PSS acts as a polarization-sensitive filter that modifies the amplitudes of the patch's E θ and E ϕ field components independently in order to reduce the AR in wide angular range. However, the fabrication of the antenna is difficult due to the three-layer-tapered structure of PSS.
In this paper, a 3-D-printed dielectric lens with a coneshaped cavity is presented for broadening the 3-dB ARBW of CP patch antenna. Due to the refraction by the proposed lens, the 3-dB ARBW is broadened obviously with maintained gain. Besides, the lens has the advantages of simple structure, easy fabrication and robustness. In Section II, the theoretical analysis of the proposed lens is developed in detail. Section III investigates the key parameters for improving the 3-dB ARBW performance. The experimental results are illustrated in section IV, as well as the discussion on applicability, followed by a conclusion in section V.
II. WORKING PRINCIPLE

A. CONFIGURATION
The configuration of the proposed CP antenna is shown in Fig. 1 . It comprises a 3-D-printed dielectric lens with a cone-shaped cavity and a circular patch with two feeding probes. The dielectric lens is mounted on the top of antenna for widening 3-dB ARBW and the two probes are utilized to implement orthogonal feed with equal amplitude. The cross-section view of the antenna on yoz plane is depicted in Fig. 1(b) . Two apertures with a diameter of d 1 are etched on the ground plane for inserting the feeding probes. Note that the angle between the conical generatrix and bottom of the conical air cavity is defined as θ air .
B. THEORETICAL ANALYSIS OF AR FOR ONCE REFRACTION
Due to the existence of lens, the CP wave radiated from the source antenna is refracted before radiating into free space. Hence, the refraction between two different dielectrics is firstly analyzed. Fig. 2 shows the propagative path of a CP wave from dielectric 1 to 2.
Here, the CP wave is decomposed into two orthogonal electric field components E θ 1 and E ϕ1 . The E θ1 is denoted as the parallel polarized component relative to the incident plane, and the E ϕ1 is the perpendicular polarized component. Therefore, the AR in dielectric 1 can be expressed as
where θ m is the polar angle in dielectric 1. According to the classical microwave refraction theory [27] , when the CP wave is refracted through dielectric 2, the expressions of E θ2 andE ϕ2 can be obtained as
where T 12,P and T 12,V are the two refraction coefficients corresponding to different polarizations, respectively. Thus, the AR in dielectric 2 can be derived
It is noted that due to the refraction, the AR for the CP wave in dielectric 2 should be expressed by a new polar angle θ n instead of θ m , as shown in Fig. 2 . It is observed that the incident angle θ i is equal to the polar angle θ m , while the refraction angle θ t is equal to the polar angle θ n . According to the Snell's refraction law, the relationship between θ i and θ t can be obtained as
Here n 1 and n 2 are the refractive indices in dielectric 1 and 2, respectively. By substituting (4) into (3), the AR in dielectric 2 can be finally obtained and simplified as follow:
It is found from (5) that the AR 2 at the polar angle of θ n is determined by the AR 1 and a new expression T 12,P /T 12,V . Thus, by choosing suitable value of T 12,P /T 12,V , the AR at certain θ n in dielectric 2 can be altered although the AR 1 (initial AR in dielectric 1) at the same polar angle is unsatisfied. From the above analysis, it is demonstrated that the loading of dielectric lens can improve the ARBW of the antenna. In the next section, the propagative path of the CP wave from the antenna source to the free space is analyzed. And the AR equations after two refractions are derived.
C. THEORETICAL ANALYSIS OF AR FOR PROPOSED LENS
Based on the aforementioned analysis, more complex case of the proposed lens is explained in this section. Fig. 3 shows the cross view with refractions on the proposed lens. According to section A, the air is regarded as dielectric 1 and the proposed lens is dielectric 2.
Since the circular patch antenna is employed in the design, the electric field intensity for the far-field can be expressed according to the cavity-model theory [28] , as shown below.
And the initial AR without refraction can be listed
where
Here, θ is the polar angle. J 0 (x) and J 2 (x) are the Bessel functions for the first kind of order 1 and 2, respectively. R e /λ is the effective radius of the circular patch antenna. After two refractions, the AR in air is expressed as
where T 12,P , T 21,P , T 12,V and T 21,V are the four refraction coefficients for different polarizations, respectively, and can be expressed as
Here, ε 0 and ε r are the permittivity of air and dielectric lens, respectively. Next, the relationships between all angles shown in Fig. 3 are given:
Similar with the analysis in section A, the final AR in air should be expressed by the new polar angle θ , which is equal to θ t2 . Hence, the angles of θ, θ i1 , θ t1 , θ i2 in (10) should be expressed as functions of θ t2 by using (11) .
By substituting (12a) into (7), AR 1 as functions of θ t2 is obtained. Finally, the expressions of AR 3 are achieved when substituting (12) and (10) into (9) .
It is revealed from (13) and (14) that the AR 3 for a certain polar angle θ is a function of θ air , ε r (permittivity of the lens) and R e /λ (effective radius of the CP antenna). In the next section, the effect of θ air , ε r and R e /λ on the ARBW of the CP antenna will be discussed.
III. PARAMETERIC EFFECTS A. EFFECTS OF ε r AND θ air
Firstly, the effects of ε r and θ air are discussed with certain R e /λ. Fig. 4 shows the calculated values of T total , AR 1 and AR 3 using (7) and (13) . The effective radius R e /λ is selected as 0.15 at 1.6 GHz, in which the initial 3-dB ARBW is only 76 • . As can be seen from Fig. 4 , the main function of the proposed lens is to introduce a suitable value of T total , which is almost symmetric with AR 1 . Thus, a low value of AR 3 is obtained with the sum of AR 1 and T total . As a result, the angular range for AR < 3dB is widened to some extent.
To verify the correctness of the theoretical analysis and explore the detailed effects of ε r and θ air on 3-dB ARBW, the full-wave numerical simulation is conducted with the use of HFSS 3-D EM simulator. Fig. 5 shows the simulated curves of 3-dB ARBW and peak gain versus θ air for different ε r of lens. It is observed that the optimal 3-dB ARBWs are 152 • , 168 • and 190 • when ε r = 2, 3.5 and 5, respectively. Besides, as ε r increases, the required value of θ air for the widest 3-dB ARBW is decreased. For the gains of the CP antenna, the peak values for different ε r are similar with the one without lens. It can be concluded that by applying the proposed lens, the 3-dB ARBW can be widened effectively.
B. EFFECTS OF THE EFFECTIVE RADIUS R e /λ
In this section, the effect of the effective radius R e /λ on AR performance is discussed, which is related to the thickness of substrate, the radius of the patch, and the effective relative permittivity of substrate [29] . Fig. 6 shows the calculated 3-dB ARBW versus R e /λ for different combinations of ε r and θ air . It is observed that for the case of ε r = 2, the 3-dB ARBW of the CP antenna with lens is greater than that without lens when R e /λ is less than 0.246, while the boundary values are 0.222 and 0.210 for ε r = 3.5 and 5, respectively. For same value of θ air , the ARBW improvements for lens with ε r = 3.5 is the largest when the value of R e /λ is in the range of 0.1 ∼ 0.15, while the improvement for ε r = 2 is the smallest. When R e /λ is in the range of 0.15 ∼ 0.246, low value of ε r is more preferred for ARBW enhancement. It is demonstrated that by selecting suitable values of ε r , θ air and R e /λ, the enhancement of 3-dB ARBW can be obtained effectively. 
IV. PHYSICAL IMPLEMENTATION AND EXTENDED RESEARCH A. IMPLEMENTATION AND MEASURED RESULTS
In this section, an experiment of this design is investigated on a finite ground. The proposed lens is fabricated by a 3-D printer with thermoplastics nylon material which has a dielectric constant of 3.15 and a loss tangent of 0.02. Besides, the substrate is F4B (ε r = 3, tanδ = 0.003) and the thickness is 1.5 mm. The center frequency is selected at 1.6 GHz. Fig. 7 shows the configuration of the feeding network. The conventional Wilkinson power divider is employed in this design. In last, with the aid of HFSS simulator, the final dimensions are found and implemented as follows: r 1 = 122 mm, r 2 = 150 mm, r 3 = 120 mm, r 4 = 32.9 mm, r 5 = 11.7 mm, w 1 = 3.9 mm, w 2 = 2.35 mm, l 1 = 8.5 mm,
The photo of the fabricated antenna is shown in Fig. 8 . The plastic screws are used to secure the antenna and lens. Fig. 9 shows the simulated and measured |S 11 | of the circular patch antenna with and without lens. Good consistency has been obtained. The measured |S 11 | is less than −15 dB over the frequency range of 1.45 GHz ∼ 1.78 GHz (20.4% relative bandwidth), which is almost identical to that of the patch antenna without lens. Fig. 10 shows the simulated and measured AR, peak gain and radiation efficiency versus the frequency at ϕ = 0 • (xoz plane). It is observed that the minimum simulated and measured ARs for the patch with lens are 0.08 dB and 0.41 dB, respectively. While the corresponding values are 0.07 dB and 0.30 dB for the patch antenna without lens. Although a small discrepancy is existed between the simulations and measurements, the AR is still lower than 3dB for the range of sweeping frequency, as shown in Fig. 10(a) . The measured peak gains at center frequency for the patch with and without lens are 5.5 dBic and 5.3 dBic, respectively, as shown in Fig. 10(b) . The measured radiation efficiencies of patch with and without lens are 87% and 82% at 1.6 GHz, separately. It means that the radiation loss caused by the proposed lens is small.
The simulated and measured radiation patterns are shown in Fig. 11 . It is exhibited that the radiation pattern of RHCP is symmetric for the maximum radiation direction whether the patch with lens or without lens, and the measured half power beamwidths (HPBWs) are 133 • , 133 • , 130 • in the planes of ϕ = 0 • , 45 • and 90 • , respectively. In addition, the measured cross polarization discriminations (XPDs) for patch with lens are 32 dB, 32.5 dB, 32.2 dB for ϕ = 0 • , 45 • and 90 • , respectively. Furthermore, it is also observed that the cross-polarized LHCP of antenna with lens can maintain low level for wider angular range than that without lens. • increment of the 3-dB ARBW is obtained. The curves of AR with lens are slightly asymmetric as compared with that without lens, which is due to the small phase delay for the far electric fields caused by the lens. Meanwhile, for the patch with lens, the measured results are agreed with the simulated ones, which indicates that the proposed lens has the advantage of stability for practical application. Table 1 shows the comparisons between the proposed design and some previous CP antennas with wide 3-dB ARBW. Firstly, the proposed antenna shows the widest AR bandwidth. In the item of 3-dB ARBW, the proposed antenna shows better performance than the antennas in [1] , [6] , [15] and [17] . Compared with [10] and [22] , the peak gain of the proposed design is higher. Besides, wide 3-dB ARBWs in the compared references are obtained by changing the structures of the radiation patches, which is complicated. In the proposed structure, simple lens is added to a conventional patch for ARBW enhancement, resulting in easy fabrication and low cost. In addition, since big ground plane is considered in the design, the proposed antenna can be mounted on large metallic surface such as ship-borne and space-borne for GNSS applications.
B. DISCUSSION ON THE APPLICABILITY OF LENS
Firstly, the available frequency range for the proposed lens is discussed. To start, a circular patch antenna operating at f 0 is designed, as well as the lens. Then, using Ansoft HFSS, circular patch antennas for different operating frequencies are optimized, and the same lens is applied for ARBW enhancement. Fig. 13 shows the simulated 3-dB ARBW and maximum gain when f r /f 0 varies from 0.75 to 1.25 with the step of 0.05. It is shown that the optimal 3-dB ARBW at initial frequency f 0 is 174 • , while it reaches the peak value of 210 • at 0.95f 0 . Furthermore, under the criterion of 3-dB ARBW > 120 • (for GPS application), the relative bandwidth for the patch with lens is 42.1% (0.75f 0 ∼ 1.15f 0 ). In the frequency range of 0.75f 0 ∼ 1.025f 0 , the gain for the patch with lens are similar with that without lens. Although the gain of patch with lens is lower than that without lens in the range of 1.025f 0 ∼ 1.15f 0 , the lowest gain is still available in practice (2.5 dBic). Thus, the proposed lens can be used for AR performance improvement of the broadband circularly polarized antennas.
Secondly, the ARBW improvement of the proposed lens for different dimensions of ground plane is investigated. Table 2 shows the AR performance and peak gain of the antenna with and without lens when the radius of ground is selected at 125 mm, 100 mm and 75 mm, while the radius of patch is 32.9 mm at center frequency. As can be seen from Table 2 , the maximum gain and HPBWs for the patch with lens under R GND = 125 mm, 100 mm, 75 mm are almost identical to that without lens. In addition, as the size of the ground plane decreases, the ARBW improvement of the proposed lens for different dimensional ground is still existed, especially for the case of AR <1 dB. The optimal values for R GND = 125mm, 100mm, and 75mm are 112 • , 115 • , and 127 • , respectively. It is demonstrated that the proposed lens can be used for achieving high-precision navigation.
Thirdly, the applicability of the proposed lens for different types of patch antennas is explored. To illustrate, typical square and ring patch antennas are designed. Fig. 14 shows the simulated AR and gain, it is noted that θ air is the optimal value for different ε r . It is exhibited that whether the antenna source is a square patch or a ring patch, the 3-dB ARBW is evidently widened by the proposed lens. It is observed that the widest 3-dB ARBWs are 167 • for square patch and 167.5 • for ring patch, respectively, with maintained gains. Hence, the proposed lens can be promoted to the general CP patch antennas for ARBW enhancement. 
V. CONCLUSION
In this paper, a novel dielectric lens is presented for conventional patch antenna to widen 3-dB ARBW. The theoretical analysis is introduced and the simulations are applied to discuss the related parameters. A circular patch antenna with dual-feed power network is utilized as antenna source. Verified by the experiments, the measured results show that the 3-dB ARBW of conventional patch can be extended from 82 • to 162 • with the help of lens. In addition, the proposed lens has been proven to be applicable for wide band CP antennas, finite ground plane and other types of CP antennas.
